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a  b  s  t  r  a  c  t
Marek’s  disease  virus  (MDV),  a poultry  pathogen,  has  been  increasing  in  virulence  since  the  mid  twenti-
eth  century.  Since  multiple  vaccines  have  been  developed  and  widely  implemented,  losses  due  to  MDV
have  decreased.  However,  vaccine  failure  has  occurred  in  the  past and  vaccine  breakthroughs  remain
a  problem.  Failure  of disease  control  with current  vaccines  would  have  signiﬁcant  economic  and  wel-
fare consequences.  Nevertheless,  the  epidemiology  of  the  disease  during  a farm  outbreak  is not  well
understood.  Here  we  present  a mathematical  model  to  predict  the effectiveness  of vaccines  to  reduce  the
outbreak  probability  and disease  burden  within  a barn.  We  ﬁnd  that  the  chance  of an  outbreak  within
a  barn  increases  with  the  virulence  of  an  MDV  strain,  and  is  signiﬁcantly  reduced  when  the  ﬂock is
vaccinated,  especially  when  there  the  contaminant  strain  is of  low  virulence.  With  low  quantities  of con-
taminated  dust,  there  is nearly  a 100%  effectiveness  of vaccines  to reduce  MDV  outbreaks.  However,  the
vaccine  effectiveness  drops  to  zero  with  an increased  amount  of  contamination  with  a  middle  virulence
MDV  strain.  We predict  that  the  larger  the  barn,  and  the more  virulent  the  MDV  strain  is,  the more  virus  is
produced  by  the  time  the  ﬂock  is  slaughtered.  With  the  low-to-moderate  virulence  of the  strains  studied
here,  the  number  of deaths  due  to MDV  is  very  low  compared  to  all-cause  mortality  regardless  of the
vaccination  status  of the  birds.  However,  the  cumulative  MD  incidence  can  reach  100%  for  unvaccinated
cohorts,  and  35%  for vaccinated  cohorts.  These  results  suggest  that  death  due  to  MDV  is  an  insufﬁcient
metric  to assess  the  prevalence  of  MDV  broiler  barns  regardless  of vaccine  status,  such  that active  surveil-
lance  is  required  to  successfully  assess  the  probability  of  MDV  outbreaks,  and  to  limit  transmission  of
 coho
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Marek’s disease virus (MDV) is an airborne poultry pathogen
rimarily affecting chickens and causing losses to the industry of
1–2 billion annually (Morrow and Fehler, 2004). MDV  causes a
ide range of clinical signs depending on the virulence of the strain
nd the susceptibility of the host (Anderson et al., 1971; Witter,
998; Payne, 2004; Nair and Kung, 2004; Nair, 2005). In order of
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increasing severity, clinical signs of Marek’s disease (MD) include
chronic polyneuritis, immunosuppression, lymphomas in visceral
organs and other tissues, transient paralysis and acute brain
oedema (Nair, 2005).
MDV  has been increasing in virulence since the middle of the
twentieth century (Witter, 1998; Morrow and Fehler, 2004) and live
vaccines have been widely used to control MD since their develop-
ment in 1970 (Powell and Lombardini, 1987; Bublot and Sharma,
2004). A feature of increased virulence of MDV  in the USA has been
the failure of successive vaccines (Witter, 1998) and recent out-
breaks in both unvaccinated and vaccinated birds caused by more
virulent strains of MDV  have prompted fears that the current vac-
cines may  be rendered ineffective with the emergence and spread
of more virulent strains (Nair, 2005).
Open access under CC BY-NC-SA license.Despite these concerns, the epidemiological dynamics of MDV
within a farm are not well understood, and the within-barn
effectiveness of vaccines has not been systematically estab-
lished. While there have been MDV  outbreaks in many countries
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orldwide, data on the endemicity of MD within barns is not widely
vailable due to the fact that hygiene and infection data are not
ade public by poultry companies and that MDV  is not a notiﬁ-
ble disease (Morrow and Fehler, 2004). Only a limited number of
eld studies have evaluated either within-ﬂock MD prevalence or
ortality (Biggs et al., 1972, 1973; Jackson et al., 1976; Heier et al.,
999; Karpathy et al., 2003) or quantiﬁed within-barn viral burden
Walkden-Brown et al., 2013). Indeed, only three of these studies
ave collected data within the past 35 years. A recent Australian
tudy reported that on average 26% of unvaccinated barns and 16%
f vaccinated barns tested PCR-positive in dust samples for MDV-1,
he pathogenic strain of MDV, during 2005–2011 (Walkden-Brown
t al., 2013). However, these prevalence estimates varied between
 and 55% depending on the region and year in which the sam-
le was collected. Moreover, while there are known to be many
trains of MDV-1, only one may  be present within each barn at any
ne time, suggesting that without subsequent pathotyping exper-
ments, it is difﬁcult to understand the effect that MDV  virulence
as on MD  outbreak dynamics within a barn. Moreover, the effect
f farm conditions on outbreak potential and disease prevalence
as never been systematically evaluated. Together, these limita-
ions mean the effectiveness of vaccines and the impact of strain
irulence on outbreak potential and disease prevalence have not
een evaluated in the ﬁeld. Similarly, we know of only a limited
umber of modeling studies evaluating on-farm MDV epidemiol-
gy, all using a deterministic approach (Gao et al. 2004, Gao et al.
005a, Gao et al. 2005b). Moreover, while there is much literature
n epidemiological systems in the role of pathogen persistence and
irulence selection in a variety of systems (e.g. Anderson and May,
982; Dieckmann, 2002; Read and Mackinnon, 2008), the dynam-
cs within a temporally explicit cohort structure have not been well
tudied (with the notable exception of a modeling study of coc-
idiosis in broiler chickens Klinkenberg and Heesterbeek (2007)).
or these reasons, there is a dearth of information about how vac-
ination and strain virulence may  alter the probability of an MD
utbreak if barn contamination occurs.
In a previous mathematical modeling study we  have estimated
he epidemiological implications for birds infected with an MDV
train under a range of strain virulence–vaccination combinations
Atkins et al., 2011). While this parameter estimation was impor-
ant to understand the epidemiological implications of virulence
ithin a single bird, these parameters on their own could not
escribe the barn-level dynamics of an outbreak. Understanding
he effectiveness of vaccines within a barn can help poultry farms
uantify the risk of MDV  outbreak and better evaluate optimal
ontrol strategies. Furthermore, there are concerns that vaccinated
irds can become infected with MDV, albeit at a reduced rate com-
ared to unvaccinated birds, a viral reservoir will be maintained on
hich selection can act (Morrow and Fehler, 2004). Evaluating the
redicted prevalence in an MDV  outbreak as a function of strain
irulence can elucidate selection pressure on MDV  within a barn.
To aid the control of MD,  here we provide a novel quantita-
ive stochastic assessment of the epidemiological dynamics of MDV
ithin a broiler cohort. Using a mathematical modeling approach,
e predict the effectiveness of vaccines to control MD  outbreaks
nd reduce MDV  prevalence after an outbreak within a barn. We
valuate this vaccine effectiveness for different strain virulences
nder different barn conditions. We  also extend these results to
nderstand the relative impact of barn hygiene on the persistence
f MDV  from one cohort to another.ethods
We  developed an individual-based stochastic model of MDV
nfection within a ﬂock of chickens. The model simulates a singles 5 (2013) 208–217 209
cohort of susceptible broiler birds in a barn during an outbreak of
MDV  initiated by infected dust. This infected dust either enters the
cohort barn at the same time as the cohort of birds, or is present in
the barn as a result of insufﬁcient cleaning after the previous ﬂock
of chickens has been removed.
We parameterized the individual-based model of MDV
transmission dynamics with previously estimated posterior dis-
tributions for parameters governing the survival of MDV-infected
birds and the timing and rate of virus shedding (Atkins et al., 2011)
using data from laboratory experiments (Renz, 2008). We  used
these distributions to parameterize the characteristics of each indi-
vidual bird (please refer to Table 2 for distributions of parameters).
For each bird in the cohort, we  sampled its viral shedding parame-
ters, and its day of death given it becomes infected with MDV from
these distributions. This Monte Carlo sampling approach provided
a way to quantify the variability in disease progression observed in
experimental data.
We estimated the probability of an outbreak with an initial
quantity of infected dust for three relatively low-pathogenic strains
for which we  have parameter estimates. There are no longitudi-
nal studies assessing the per-cohort MDV  outbreak probability, so
these model predictions serve as the ﬁrst published estimates of
MDV  within-barn outbreak risk. Our model allows us to predict
the infection prevalence and the quantity of virus left at the end of
such an outbreak. Without much ﬁeld data on prevalence caused by
an MDV  outbreak, the model provides information on the ramiﬁca-
tions of an MDV  outbreak within a ﬂock. The model also predicts the
extent to which MDV-associated mortality can be detected within
a ﬂock. For many ﬂocks where MDV  has not been detected and
DNA samples have not been extracted, a model is able to predict
the extent to which infection may  still be occurring without detec-
tion. Due to the limited amount of ﬁeld data for MDV  load, infection
prevalence, and mortality within ﬂocks, we do not undertake any
model calibration or validation. However, we offer discussion of the
results and future data collection requirements towards the end of
the paper.
Host infection
Infectious birds shed virus via excreted feather follicle epithe-
lial cells, that collect as dust within the barn environment. MDV  is
transmitted only by inhalation of this infectious dust (Calnek et al.,
1970). The daily probability of infection depends only on the con-
centration of virus-infected dust in the air and a bird’s vaccination
status (Table 1, estimated from data reported in Atkins et al. (2013)).
Once infection occurs, we  assume there is a delay, T1
sj
(v) (days)
until the bird sheds virus at a constant primary rate, a1v (viral copy
number (VCN)/mg dust). We  then assume the bird sheds virus at
a constant secondary rate, a2v (VCN/mg dust) after a further delay,
T2
sj
(v) (days). The bird continues to shed at this secondary rate until
it is removed from the barn. The subscript j refers to either sham
(assumed to be identical to unvaccinated), or HVT (vaccinated),
and v corresponds to the virulence of the infecting MDV  strain (see
Methods section ‘Virus Strain’). We  have previously estimated the
distributions of these two  delays and the two shedding rates (for
more information, refer to Tables 2 and 3 in Atkins et al. (2011)).
Each bird has its own primary and secondary delays/shedding
rates sampled from these parameter distributions. Viral shedding
is assumed to occur as infectious dust into the barn atmosphere.
If infected, each bird’s lifespan is dependent on the virulence
of the infecting virus and its own vaccination status. The daily
probability of death due to MDV  is determined by the parame-
ters of a Weibull survival analysis: the shape parameter (r), and
the scale parameter (ˇ), the latter of which is dependent on both
the virulence of the infected virus and the bird’s vaccination status.
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Table 1
Parameters used in individual based simulation of on-farm epidemiology of MDV. Personal communication refers to Nick Sparks (NS). Z(k, v, j) is the quantity of virus in the
atmosphere (VCN) on day k for an outbreak of virulence v in a cohort with vaccination status j (Fig. 1).
Parameter Symbol Value/s Reference
Daily dust production per bird (mg) d(t, Tc) 368 exp(− P(Tc)/t1.64) + 10.8 Atkins et al. (2013)
Daily transmission probability per bird per VCN/m3
Unvaccinated ˛sham 4.93 × 10−8 From data in Atkins et al. (2011)
HVT ˛HVT 8.26 × 10−10 From data in Atkins et al. (2011)
Total ﬂock mortality (%) total 3.6–6.8 Sheppard (2004)
Daily non-MDV death probability  1 − Tc
√
1 − total Atkins et al. (2013)
Age at introduction (days) e 2 Sheppard (2004)
Height of barn (m) h 2.5 NS pers. comm
Finishing weight (kg) w 2.5 NS pers. comm
Maximum dust threshold (mg/m3) E 7.15 Takai et al. (1998)
Initial dust (mg) D0 0–560 Unknown
Vaccination status j Sham, HVT Bublot and Sharma (2004)
Probability MDV  infection on day k p ˛j
Z(k,v,j)
V(S0,sd )
Atkins et al. (2013)
Growth scaling constant P(Tc) −T1.64c ln
(
d(45,45)−10.8
368
)
Atkins et al. (2013)
Weibull shape parameter r 4.18 (3.38–4.99) Atkins et al. (2011)
Stocking density (kg/m2) sd 5, 20, 35 NS pers. comm
Initial cohort size (birds) S0 500, 5000, 30000 NS pers. comm
Cohort duration (days) Tc 30, 60 Sheppard (2004)
Dust reduction at end of cohort (%)  0–100 Unknown
Virus virulence score (%) v 16.5, 36, 46 Atkins et al. (2011)
Transformed virulence score vT arcsin
√
0.01v  Atkins et al. (2011)
Barn volume (m3) V(S0, sd) S0wh/sd Atkins et al. (2013)
Virus extinction threshold (VCN/m3) ze 10−9, 10−5 Unknown
Table 2
Sampled parameters for individual based model. All individual birds have infection characteristics sampled from these distributions. The single number refers to the median
of  the ﬁtted posterior distribution estimated previously, and the range in brackets corresponds to the respective 95% credible interval of the posterior distribution. The two
distributions provided for each parameter are from the two  posterior distributions estimated from two replicate experiments using the same MDV virulence and vaccination
status. The individual infection characteristics for each bird are sampled from either replicate distribution with equal probability. RND is a uniform random variable on the
interval [0,1].
Parameter Symbol Value/s
Primary viral shedding rate (logVCN/mg dust) a1(v, j)
v = 16.5, no vaccine 4.87 (3.79–5.25), 3.37 (2.79–4.05)
v = 36, no vaccine 3.86 (3.30–4.56), 3.28 (2.71–3.95)
v = 46, no vaccine 3.20 (2.64–3.90), 2.89 (2.34–3.59)
v = 16.5, HVT 3.79 (3.34–4.20), 2.44 (1.93–3.02)
v = 36, HVT 4.48 (4.19–4.92), 4.56 (4.13–4.91)
v = 46, HVT 2.70 (2.16–3.42), 4.15 (3.58–4.82)
Secondary viral shedding rate (VCN/mg dust) a2(v, j)
v = 16.5, no vaccine 6.99 (6.72–7.21), 6.89 (6.72–7.07)
v = 36, no vaccine 7.34 (7.17–7.51), 7.58 (7.41–7.76)
v = 46, no vaccine 7.69 (7.51–7.85), 7.52 (7.32–7.72)
v = 16.5, HVT 6.83 (6.61–7.04), 6.35 (6.18–6.52)
v = 36, HVT 7.49 (7.28–7.70), 7.53 (7.31–7.75)
v = 46, HVT 7.50 (7.32–7.67), 7.29 (7.11–7.46)
Primary delay until viral shedding (days) Ts1(v, j)
v = 16.5, no vaccine 6 (2–6), 4 (0–6)
v = 36, no vaccine 4 (0–6), 4 (0–6)
v = 46, no vaccine 3 (0–6), 3 (0–6)
v = 16.5, HVT 5 (0–6), 2 (0–6)
v = 36, HVT 6 (4–6), 6 (2–6)
v = 46, HVT 3 (0–6), 3 (0–6)
Secondary delay until viral shedding (days) Ts2(v, j)
v = 16.5, no vaccine 10 (7–14), 9 (6–13)
v = 36, no vaccine 9 (6–13), 9 (6–13)
v = 46, no vaccine 9 (6–13), 9 (5–13)
v = 16.5, HVT 12 (8–17), 10 (7–13)
v = 36, HVT 11 (8–14), 12 (8–16)
v = 46, HVT 10 (6–13), 9 (6–13)
Weibull scale intercept ˇ0 4.54 (4.23–4.87)
Weibull scale coefﬁcient
vT ˇ1 −0.53 (−1.01–0.06)
HVT ˇ2 0.44 (0.24–0.66)
Weibull scale parameter
no vaccine (v, sham) ˇ0 + ˇ1vT
HVT (v, HVT) ˇ0 + ˇ1vT + ˇ2
Time until death due to MDV  T(v, j) (v, j) exp
[
1
r ln(− ln(1 − RND))
]
K.E. Atkins et al. / Epidemics 5 (2013) 208–217 211
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tig. 1. Schematic of the state transitions of the host individuals in one cohort. Sus
emoved-MDV related (R2) and production/loss of dust (D) and virus (Z).
arameter values are given in Table 2. More details on the estima-
ion of these parameters and their values are given in Atkins et al.
2011). There is also an underlying daily mortality probability, ,
hat acts to remove chickens from the population for reasons other
han MDV. The bird may  then die as a result of MDV infection only
f it has not yet died of other causes or been slaughtered at the end
f the cohort duration. A schematic of the chicken states and its
nvironment is shown in Fig. 1.
roiler population
We  model a broiler population as a single cohort of S0 ﬂoor-
eared broiler chickens. Consistent with broiler barns, we assume
here is no immigration, but there is host mortality, both non-
DV- and MDV-related. The removal of dead birds is assumed to
e done daily. At the end of day Tc, the remaining chicken popula-
ion is removed for slaughter. Each bird sheds an amount of feather
ander per day, d(t, Tc) = 326 exp(− P(Tc)/t1.64) + 10.8 where P is a
ecreasing function of the duration of the cohort that measures
ow quickly birds reach their ﬁnishing weight (Islam and Walkden-
rown, 2007; Atkins et al., 2013). Therefore, a bird raised in a 30-day
ohort reaches its ﬁnishing weight twice as quickly than a bird
aised in a 60-day cohort. These assumptions can therefore give
ise to possible non-linear relationships between cohort duration
nd the quantity of virus and thus infection prevalence within the
arns.
arn housing
At the start of a cohort, we assume that the barn is seeded with
n amount of infectious dust D0 (mg). We  have previously esti-
ated the average virus concentration in dust for a virus strain of
irulence v and host vaccination status, j (measured in VCN/mg)
Atkins et al., 2011) as a(v, j). Therefore the quantity of virus at the
tart of the cohort, Z0(v, j), is calculated as a(v, j)D0 (VCN). Due to
egal occupational exposure limits (OELs), dust concentrations are
aintained between 2 and 10 mg/m3 in broiler barns (based on
orthern European estimates at 28 days into the cohort) (Wathes,
994, 1998; Takai et al., 1998). Therefore, we assume that ventila-
ion of the barn is assumed to keep the concentration of dust in thele (S), infected-uninfectious (E), infected-infectious (I), removed-other cause (R1),
air less than E, 7.15 mg/m3. We  assume that the virus is well-mixed
in the dust, and that the dust is well-mixed in the barn atmosphere.
If the virus concentration in the air drops below a critical point,
ze (VCN/m3), below which no virus transmission can occur, the
virus is assumed to be effectively extinct. Jurajda and Klimes (1970)
showed that 44-day old virus had a similar infection potential as
recently shed virus, and Carrozza et al. (1973) demonstrated that
even infected dust 205 days old was  still able to infect birds to a
high degree. Therefore, we assume there is no virus decay rate for
the relatively short period of each cohort duration. Nevertheless,
the initial concentration of virus will drop due to ventilation in the
event that no virus is shed into the atmosphere.
We evaluated MDV  outbreak outcomes for different barn
sizes: small – 500 birds at 5 kg/m2 (6253), medium – 5000 birds
at 20 kg/m2 (1563 m3), and large – 30,000 birds at 35 kg/m2
(5357 m3). For comparison we  also present results for a barn of
5000 birds at 5 kg/m2 (6250 m3) to evaluate the effect of increasing
bird number (by comparison with 500 birds at 5 kg/m2) or stocking
density (by comparison with 5000 birds at 20 kg/m2).
Virus strain
MDV  isolates are characterized by a virulence score, similar to
the pathotype devised by Witter (1997) and Witter et al. (2005).
The virulence score is the percentage of cases exhibiting gross MD
lesions 56 days following infection of birds vaccinated (calculated
as an average for birds vaccinated with either HVT (herpesvirus of
turkeys) or Bivalent (HVT and a non-pathogenic MDV  serotype 2)
vaccine). The three MDV  isolates (04CRE, MPF57 and 02LAR) for
which we  have estimates for shedding rate and shedding delay and
mortality rates have virulence scores of 16.5, 36, and 46 respectively
(Atkins et al., 2011).
Model parameterization and simulation
The individual based model captures the variation in bird MD
pathogenesis previously estimated. The daily infection probability
(per VCN/m3 air), viral shedding parameters, MDV-related survival
times are each assigned values for each individual bird, together
with the gradient of the infection rate with virus concentration. The
212 K.E. Atkins et al. / Epidemics 5 (2013) 208–217
Table 3
The effectiveness of vaccine introduction into a barn of broiler birds (% reduction compared to unvaccinated birds). Both measures of effectiveness are calculated at the end of
a  60-day cohort for a vaccinated ﬂock compared with an unvaccinated ﬂock. Results are conditional on an outbreak occurring and are given for difference stocking densities
(sd), ﬂock size (N), and virulence scores (v) of the outbreak virus. Numbers in brackets are the 95% conﬁdence intervals.
Stocking density, sd 5 5 20 35
Cohort size, N 500 5000 5000 30,000
Effectiveness (%) against:
Infection prevalence
v = 16.5 98.9 (98.9,98.9) 99.9 (99.9,99.9) 99.9 (99.9,99.9) 99.8 (99.8,99.8)
v = 36 67.2 (67.2,67.3) 97.5 (97.5,97.5) 95.6 (95.6,95.6) 91.0 (91.0,91.0)
v = 46 69.5 (69.4,69.5) 97.6 (97.6,97.6) 95.9 (95.9,95.9) 91.6 (91.6,91.6)
Cumulative mortality
v = 16.5 9.20 (−∞,100) −55.0 (−∞,100) 86.4 (−38.4,100) −52.0 (−∞,100)
v = 36 41.7 (−225,100) 74.0 (31.2,94.0) 36.2 (−230,100) 73.2 (5.82,97.7)
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reduction in virus required was  less for vaccinated cohorts than for
unvaccinated cohorts. For example, for moderately virulent strainsv = 46 97.0 (90.3,100) 9
odel was run 2500 times. Parameters are given in Tables 1 and 2.
he model was written in C++ and compiled in Xcode 2.6.3.
esults
The standard deviations of the results are shown in all ﬁgures.
he probability of an outbreak
The probability of an MDV  outbreak in a cohort was  deﬁned as
he probability that at least one individual bird becomes infected
ith the initial contaminated dust. The expected probability of an
utbreak can be calculated analytically as,
P(no infection from inoculum) =
Tc∏
k=1
P(no transmission to bird on day k)S(k)
=
Tc∏
k=1
[
1 − p (j, Z (k, v, j) , V (S0, sd))
]S(k)
,
here p (j, Z (k, v, j) , V (S0, sd)) is the average probability of a single
ird being infected on day k given vaccination status, j, atmospheric
uantity of virus, Z(k, v, j) (VCN), and barn volume, V(S0, sd) (m3)
Fig. 2). Changing the extinction threshold for virus between 10−9
nd 10−5 VCN/m3 does not change the probability of an outbreak.
ote that any contaminated dust contains a quantity of virus, Z,
he size of which depends on the virulence of the strain, v, and
he vaccination status of the birds in the cohort, j, because viral
oncentration in the dust depends on both v and j.
The probability of an MDV  outbreak was found to be equivalent
o a positive amount of virus at the end of the cohort (Fig. 2). To the
rst order approximation, the number of birds in the barn does not
ffect the chance of an outbreak, as the probability of infection per
ird is very small (results not shown).
Vaccination can be effective at reducing the chance of an out-
reak in a ﬂock of birds, especially when the outbreak strain is of
ow virulence (Fig. 3). As the stocking density increases, vaccination
ecomes less effective at controlling the probability of an outbreak.
or large industrial barns with a high stocking density of birds,
accination does not offer any protection against outbreaks of all
trains analyzed here when infected dust over 100mg is introduced
Fig. 3c).
umulative virusWhen an outbreak does occur, vaccination reduces the amount
f virus left at the end of the cohort duration (Fig. 4). The total
mount of virus predicted to be left at the end of an outbreak
ncreases with both virulence of the strain and cohort duration7.8,99.8) 98.6 (96.5,100) 98.7 (97.0,100)
(Fig. 4). The largest barn by volume (housing 5000 birds at 5 kg/m2),
all else being equal, gives the largest end quantity of virus in all
cases. Vaccinated cohorts infected with two  of the most virulent
strains cause similar virus densities at the end, due to their similar
secondary shedding rates (Atkins et al., 2011).
Cumulative infected individuals
For unvaccinated cohorts, more virulent strains infect a greater
proportion of birds (Fig. 5). There is a considerable difference in the
percentage of individuals infected after 30 days, but after 60 days,
most, if not all, individuals are infected. This is in contrast to a vacci-
nated cohort, which only becomes 35% infected, even after 60 days
and with the most virulent strain. Thus, vaccination is highly effec-
tive at reducing the infection prevalence by the end of the cohort
duration (Table 3).
Cumulative removed individuals
Vaccination is highly effective at reducing cumulative mortality
(Table 3), although the percentage of deaths due to MDV  is pre-
dicted to be very low for the wide range of scenarios we  evaluated.
In all cases the percentage of removed individuals due to MDV
was less than 0.08% for unvaccinated cohorts, and below 0.006%
for vaccinated cohorts (Fig. 6).
The results describing the percentage of removed individuals
who have died through MDV-induced disease match those found
relating to the total infected individuals. Namely, increasing viru-
lence and stocking density, in general, increase the percentage of
removed individuals, whereas introducing vaccination and increas-
ing population size reduces the fraction of removed individuals.
Increasing cohort duration in a vaccinated population will increase
the total removed individuals, which is not true in the unvac-
cinated population since the population can be saturated with
infection.
Prevention of further outbreaks
In many countries, barns are cleaned out, disinfected, and the lit-
ter replaced between cohorts. We  predicted the reduction in virus
after the ﬁrst cohort required to decrease the probability of out-
break in the next cohort to 5, 50, and 95% (Fig. 7). We  found that thein all cases, for a 50% or less probability of an outbreak in the next
cohort, the reduction in virus had to be greater than 80% for vacci-
nated cohorts, whereas for unvaccinated cohorts, this value had to
be greater than 99%.
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Fig. 2. Probability of an outbreak of MDV  within a cohort of birds with varying initial dust, and different strains (blue, red, and green dots). Farms are small (500 birds at
5  kg/m2), medium (5000 birds at 20 kg/m2) or large (30,000 birds at 35 kg/m2). Birds are either all unvaccinated or vaccinated. The probability that there is any virus left
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Fig. 4. Quantity of virus in the barn at the end of the cohort duration, given an outbreak of MDV  has occurred. The amounts are calculated for different strain virulence,
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individuals doubles, the chances for new infections doubles, how-
ever, the volume of the barn also doubles, which means the
virus concentration halves and thus the probability of an outbreak
remains the same (density-independent transmission). Therefore
an increase in both the stocking density and the number of individ-
uals to current industrial conditions is also predicted to increase
the chance of an outbreak if the barn was  exposed to any MDV.
Dust within the barn is made up of several constituents such
as feather dander and dust from feed, faeces, and litter materials.
Our model only considers dust from feather dander, as it has been
previously quantiﬁed (Islam et al., 2007; Atkins et al., 2011). There-
fore, the atmospheric viral concentration calculated in the model
is an upper estimate of the true viral concentration. A recent study
showed that the viral concentration in sampled dust from an unvac-
cinated broiler cohort increased until at least 53 days of age, when
it reached a concentration on the order of 4.6–4.9 logs (Walkden-
Brown et al., 2013). Our results suggest that at 60 days during an
unvaccinated cohort, the total virus amount varied between 10.5
and 12.2 logs, depending on the barn size and the virulence score.
This corresponds to a viral concentration (VCN/mg dust) at the end
of the cohort between 5.5 and 7.2 logs. Therefore, our estimates
are slightly higher than those measured, consistent with our upper
bound estimate of viral concentration in the dust. The discrepancy
could also be due to other reasons, such as variation in host, MDV
strain virulence, or barn dust concentration.
There is scant information on MDV  prevalence and sever-
ity around the world, and even fewer data providing on-farmmortality: ﬁrst, Biggs et al. (1972) report mortality due to MD
in unvaccinated broiler breeders. Biggs et al. (1972) estimate
0.6–23.4% of chickens die of MD  in a production house between
y of an outbreak in the next cohort to 50%, 95%, 5% (dots, upper and lower conﬁdence
t 20 kg/m2) or large (30,000 birds at 35 kg/m2). Birds are either all unvaccinated or
c) unvacc. large fram, (d) vacc. small farm, (e) vacc. medium farm and (f) vacc. large
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 and 20 weeks. The total mortality in the rearing house in the
rst 8 weeks of age was less than 2% in all pens, giving an upper
imit to the losses attributable to MDV; second, Heier et al. (1999)
eport an estimated upper limit for MD-associated mortality for
accinated layer ﬂocks between 16 and 68 weeks as 5–8.2%; and
hird, Karpathy et al. (2003) report clinical signs and mortality from
reeders from a large ﬁeld vaccine trial of 21 ﬂocks. Karpathy et al.
2003) report for the vaccinated ﬂocks in which MD was detected,
.1–51% of birds showed signs of MD  lesions, with an estimated
.11–4.82% dying of MDV  infection within the 40 weeks of the
tudy. Therefore, mortality due to MD  in ﬁeld studies is higher than
hose predicted by this study. For example, for an unvaccinated
0-day cohort, less than 0.08% of the ﬂock die with an outbreak
f medium virulence MDV. It is difﬁcult to compare our results
irectly to ﬁeld data due to potential differences in the method
f housing, the duration of the cohort and when the data were col-
ected, the vaccination status of the birds, the pathogenicity of the
utbreak MDV  strain, and the type of chicken and chicken line. It is
nown that all of these aforementioned factors can alter the mor-
ality expected during an outbreak of MD.  In particular, we  have
reviously estimated that a bird infected with a strain of virulence
core 50% can expect to live for an average of 80 days before it
ies as a result of MDV  infection (Atkins et al., 2011). Therefore,
ost of the MDV-related death would occur after the cohort dura-
ion of 30–60 days. Indeed, broiler birds do not usually live for
ong enough to die from MDV  infection, unless the infecting strain
s hyper-pathogenic, which we have not analyzed in this study
Witter, 1997).
Direct mortality due to MDV  is not the only source of com-
ercial loss as a result of MDV  outbreaks; immunosuppression
esulting in increased concurrent disease and reductions in weight
ain are both important indirect effects associated with MDV  infec-
ion (Islam et al., 2001, 2002; Baigent et al., 2006). As we  have
ot included these indirect contributions of MDV  infection, our
odel predictions regarding the overall impact of an MDV outbreak
ill be conservative. To assess the feasibility of cleaning barns to
ontrol within–barn MDV, it would be necessary to calibrate our
odel with longitudinal data assessing the persistence of MDV
etween cohorts. Ideally, we would require information on how the
arn size, stocking density, vaccination status, and cleaning effort
mpacted the probability of outbreak persistence between subse-
uent cohorts. These data would help to identify the recurrence
ate of MDV  infection and to identify whether the most probable
ause of MDV  outbreaks are within–barn persistence or constant
eintroduction. As there is very little known about the prevalence
f MDV  on farms around the world, this modeling work sheds lights
n the extent to which farms may  be affected by MDV. For industrial
roiler farms, there are typically about 30,000 birds living together
n one barn at a stocking density of 35 kg/m2 for between 30 and
0 days. Within this environment, if an outbreak occurs and there
s no vaccination, we would expect only 0.01% cumulative mortal-
ty due to MDV  (about three birds), which would be undetectable
gainst the normal background cumulative mortality of around 5%.
owever, our model predicts an MDV  prevalence before slaugh-
er of between 25 and 100% for a medium virulence strain (02LAR,
 = 46), which would be persisting at extraordinary high concen-
rations within the barn. Therefore, despite there being no visible
igns of Marek’s disease, it would still require a 99.999% reduc-
ion in the MDV  persisting at the end of the cohort to reduce the
hance of an MDV  occurring in the next generation to 5%. If the
ock were vaccinated, there would likely be no deaths due to MDV,
ut up to 4% of the ﬂock would be infected, and require over a
5% reduction in MDV  within the barn to reduce the chance of a
urther outbreak in the next cohort. It is also worth noting that
he virulence of the strains are mild to medium pathogenicity, and
ecent isolates can cause much higher rates of morbidity and as 5 (2013) 208–217
much quicker death (Witter, 2001). Despite the high effectiveness
of vaccines to reduce MDV  outbreaks and infection prevalence, vac-
cination allows the maintenance of high viral concentrations within
a barn. These results suggest to industry that the death toll from a
cohort may  not be the best indicator for MDV  prevalence in the
ﬂock and reliance of observing mortality may  allow MDV  to circu-
late freely in the broiler population. This undetected virus within
environments will allow undetected spread from barn to barn, and
onwards to other farms. Therefore, to limit MDV  outbreaks within a
cohort and to reduce the chance of farm persistence of MDV,  these
results suggest it may  be necessary to combine a cohort vaccina-
tion with excellent hygiene. These model predictions are consistent
with recent studies suggesting that mortality alone is a poor mea-
sure of virus load within a barn and that surveillance methods based
on dust monitoring are likely to provide a better indicator of MDV
outbreaks (Walkden-Brown et al., 2013).
This analysis provides the ﬁrst quantitative assessment of the
within-barn vaccine effectiveness and the impact of MDV  exposure
for a broiler barn. By better understanding the on-farm epidemi-
ological dynamics of an increasingly virulent disease, improved
methods for surveillance, prevention, and virulence management
can be developed.
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